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 Abstract 
Background 
Diverse tacrolimus population pharmacokinetic (popPK) models in adult liver transplant recipients have been established to 
describe the PK characteristics of tacrolimus in the last two decades. However, their extrapolated predictive performance remains 
unclear. Therefore, in this study, we aimed to evaluate their external predictability and identify their potential influencing factors. 
Methods 
The external predictability of each selected popPK model was evaluated using an independent dataset of 84 patients with 572 
trough concentrations prospectively collected from Huashan Hospital. Prediction- and simulation-based diagnostics and Bayesian 
forecasting were conducted to evaluate model predictability. Furthermore, the effect of model structure on the predictive 
performance was investigated.  
Results 
Sixteen published popPK models were assessed. In prediction-based diagnostics, the prediction error within ± 30% was below 50% 
in all the published models. The simulation-based normalised prediction distribution error test and prediction- and 
variability-corrected visual predictive check indicated large discrepancies between the observations and simulations in most of the 
models. Bayesian forecasting showed improvement in model predictability with two to three prior observations. Additionally, the 
predictive performance of the nonlinear Michaelis–Menten model was superior to that of linear one- and two-compartment models 
with first-order elimination, indicating the underlying nonlinear kinetics of tacrolimus in liver transplant recipients, which was 
consistent with the findings in adult kidney transplant recipients.  
Conclusions 
The published models performed inadequately in prediction- and simulation-based diagnostics. Bayesian forecasting may improve 
the predictive performance of the models. Furthermore, nonlinear kinetics of tacrolimus may be mainly caused by the properties 
of the drug itself, and incorporating nonlinear kinetics may be considered to improve model predictability. 
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 1 Introduction 
Tacrolimus, a potent immunosuppressant of the calcineurin inhibitor family, is considered the cornerstone of the prevention of 
graft rejection in solid organ-transplanted patients (Siekierka et al., 1989). Currently, it is the drug of primary choice in almost 90% 
of liver transplantation patients and tends to replace cyclosporine A because of its better long-term graft and patient survival rates 
(European Association for the Study of the Liver. Electronic address, 2016).  
Following oral administration, tacrolimus is rapidly absorbed and reaches the peak concentration 0.5–1 h later with a mean 
bioavailability of 25% (5%–93%) in patients (Staatz and Tett, 2004; Vanhove et al., 2016b). After entering the systemic 
circulation, tacrolimus is extensively bound to erythrocytes and albumin (about 99%) (Yu et al., 2018). Tacrolimus is primarily 
metabolised by cytochrome P450 (CYP) 3A isoenzymes in the liver and intestine, and transported by the efflux pump 
P-glycoprotein (P-gp) encoded by the ATP-binding cassette, sub-family B member 1 (ABCB1) gene (Vanhove et al., 2016b). In 
addition, it is excreted predominantly through bile (> 95%), with renal clearance accounting for only 2.4% of elimination 
(European Association for the Study of the Liver. Electronic address, 2016; Staatz and Tett, 2004). 
Tacrolimus is characterised by a narrow therapeutic window and exhibits considerable intra- and inter-individual variabilities 
in pharmacokinetics, which can be attributed to multiple factors, including postoperative time, polymorphisms in 
drug-metabolizing enzymes and transporters such as CYP3A5 and ABCB1, patient demographics, daily dose, graft type (whole or 
split liver), hepatic function, international normalised ratio (INR), graft to recipient body weight ratio, and concomitant 
medications (Campagne et al., 2019; Ji et al., 2012). Moreover, tacrolimus trough levels are closely associated with the risk of 
acute liver allograft rejection and adverse effects, such as infection, nephrotoxicity, hypertension, post-transplant diabetes mellitus, 
and gastrointestinal disorders (Vanhove et al., 2016a), necessitating therapeutic drug monitoring (TDM), especially during the 
early post-transplant period (Shuker et al., 2015).  
Monitoring of tacrolimus, as a traditional approach, is widely performed to ensure the maintenance of a functional allograft 
and to minimise toxicity, but it has practical difficulties, such as the impossibility to explain individual variation in transplant 
patients (Zhang et al., 2019). Population pharmacokinetics (popPK) is a superior approach to conventional PK analysis, and has 
become a potent and more reliable tool used to facilitate the quantification and explanation of PK variability and to identify the 
sources of variability (Brooks et al., 2016; Mao et al., 2018; Vadcharavivad et al., 2016). Combined with Bayesian estimations, it 
can guide tacrolimus dose adaption more precisely and rapidly to reach the target concentration than that based on the personal 
experience of transplant physicians alone (Mizuno et al., 2019). Therefore, it plays an important role in optimising tacrolimus 
dosage regimen. 
Numerous tacrolimus popPK models have been established in adult liver transplant recipients for quantitatively describing 
the PK characteristics and dosing individualisation (Campagne et al., 2019). However, their predictability remains unknown when 
extrapolated to other clinical centres. Consequently, it is necessary to systematically investigate the cross-centre predictability of 
these published models with an external dataset. Additionally, evaluating the model transferability may contribute to the 
 identification of potential factors responsible for model predictability and reveal whether previous popPK studies can be directly 
used to guide tacrolimus dosing recommendations. Moreover, nonlinear kinetics of tacrolimus was observed in adult renal 
transplant recipients (Zhao et al., 2016). Whether the nonlinear kinetics is also valid in liver transplantation remains unknown, and 
thus, further analysis needs to be conducted to confirm this. 
Therefore, the aim of the present study was to assess the external predictability of published popPK models of tacrolimus in 
adult patients receiving liver transplantation using an independent dataset prospectively collected at our centre. Additionally, 
potential influencing factors, which are mainly responsible for the specification of model predictability, were investigated. 
 
2 Methods 
2.1 Review of published popPK analysis on tacrolimus 
To identify publications of all popPK analyses of tacrolimus in adult liver transplant recipients, PubMed, Web of Science, and 
Embase were searched for human data in English from inception to June 30, 2019. Furthermore, additional articles identified from 
the reference lists of selected publications were also screened. The eligibility criteria for publications were as follows: (1) studies 
involving adult patients who underwent liver transplantation and treated with oral tacrolimus, (2) articles involving popPK 
modelling restricted to population analyses. Reviews, administration of tacrolimus in a prolonged-release formulation, 
methodological articles, incomplete or missing information of required details for external evaluation, and unavailable covariate 
information in our evaluation dataset were excluded. Studies with overlapping data or cohorts were also excluded. Only the most 
recent studies or those with a large sample size were included. 
 
2.2 Dataset of external evaluation 
2.2.1 Subjects 
Eighty-four adult recipients (69 males/15 females) who underwent their first liver transplantation using organs from donation after 
cardiac death and were administered immediate-release oral tacrolimus formulation (Prograf, Astellas, Dublin, Ireland) in 
Huashan Hospital of Fudan University from June 2018 to January 2019 were included in this study. Recipient follow-up was 
continued until the day of discharge. Only monitored records after more than three repeated oral doses administered at the same 
dose rate were retrieved to ensure that tacrolimus concentrations were at or near the steady state. Finally, 572 tacrolimus 
whole-blood trough concentrations (C0) were prospectively collected during the eligible patients’ hospitalisation. Patients with 
acute rejection, dialysis treatment, or severe gastrointestinal disorders, or those who underwent their secondary liver 
transplantation were excluded. The study protocol was approved by the Ethics Committee of Huashan Hospital, Fudan University, 
and registered at the Centre for Clinical Research and Biostatistics (www2.ccrb.edu.hk, No: CUHK_TMP00250). Informed 
written consent was obtained from all subjects before enrolment. Additionally, the study was conducted in accordance with the 
Declaration of Helsinki (2013). 
  
2.2.2 Immunosuppressive therapy  
All patients received immunosuppressive therapy comprising tacrolimus and steroids after liver transplantation. Oral tacrolimus 
administration was commenced at 0.5–1 mg every 12 h (q12h). The dosage was then empirically adjusted to attain steady-state C0 
within the range of 8–12 ng ml-1 in the first 3 months post-operation, 8–10 ng ml-1 between 3 and 6 months, and 6–8 ng ml-1 
thereafter.  
Intravenous methylprednisolone was administered at a dose of 500 mg on the operative day, followed by 80 mg q12h on 
postoperative days 1–3. Then, the dosage was tapered to 80 mg day-1 on postoperative days 4 and 5 followed by 40 mg day-1 on 
postoperative days 6 and 7. Thereafter, the dosage was reduced to 20 mg day-1 on postoperative days 8–10. Oral prednisolone was 
administered at a dosage of 12 mg day-1 on postoperative day 11 and was tapered to 4 mg day-1 at a rate of 4 mg day-1, except for 
hepatocellular carcinoma patients with liver transplantation. During the second month after surgery, corticosteroid-free treatment 
was conducted, except for patients with autoimmune hepatitis.  
Mycophenolate mofetil (CellCept, Roche Pharma Ltd., Shanghai, China) was administered orally q12h at 0.5 g day-1 to 
patients who had glomerular filtration rate (GFR) of less than 60 ml min-1 per 1.73 m2 (Hao et al., 2014).   
 
2.2.3 Blood sample collection and bioassay 
After reaching a steady-state condition, whole blood samples were drawn before the morning dose for assaying C0 using the 
enzyme multiplied immunoassay technique (EMIT) with SYVA Viva-Emit 2000 kit (Siemens Healthcare Diagnostics Inc., 
Germany). The coefficient of variation (% CV) of intra- and inter-day precisions was within 10% and 20%, respectively, with a 
calibration range between 2.0 and 30 ng ml-1.  
Diverse bioassays were performed in previous studies and systematic deviations existed among the different analysis 
methods (Agrawal et al., 2014; Bazin et al., 2010; LeGatt et al., 2004). To adjust these biases, tacrolimus concentrations in the 
external dataset were converted to their corresponding equivalents with the following formulas from large clinical studies in adult 
liver transplant recipients: 
        (1)    (Ansermot et al., 2008) 𝐿𝐶𝑀𝑆 = 𝐸𝑀𝐼𝑇 ―  0.011.37
       (2)    (Hesse et al., 2002) 𝑀𝐸𝐼𝐴 = 𝐸𝑀𝐼𝑇 ―  0.251.00  
Where EMIT is the concentration of the external dataset determined using the EMIT, and LCMS and MEIA are the 
after-conversion equivalents analysed by liquid chromatography-mass spectrometry (LC-MS) and microparticle enzyme 
immunoassay (MEIA), respectively. 
 
 2.2.4 Genotyping  
Whole blood (2 ml) was obtained from liver transplant recipients and their corresponding donors, and then drawn into sterile 
ethylene dinitrilotetraacetic acid (EDTA)-anticoagulated tubes, which were stored at -20 ℃. Genetic polymorphisms of 
CYP3A5*3 (rs776746) was determined by an independent external contractor (Sangon Biotechnology Co., Ltd., Shanghai, China) 
using the DNA direct sequencing Analyzer (Applied Biosystems 3730XL, Foster City, CA, USA). Alleles and genotype 
frequencies were analysed using the online software SHEsis (http://analysis.bio-x.cn/myAnalysis.php). The Hardy–Weinberg 
equilibrium of genetic polymorphisms was assessed using Pearson’s chi-squared test. Details of gene amplification and 
sequencing are presented in Appendix S1. 
 
2.3 External evaluation of predictability 
The external evaluation was performed using nonlinear mixed-effects modelling software (NONMEM®, version 7.4; ICON 
Development Solutions, Ellicott City, MD, USA) compiled with gfortran 4.6.0 and interfaced with PsN (version 4.7.0; 
uupharmacometrics.github.io/PsN). The NONMEM output was analysed using the R software (version 3.5.1; www.r-project.org).  
The reported popPK models were re-established based on the formulas and parameters extracted from each identified article. The 
codes for the models were sent to the corresponding authors for crosscheck. Subsequently, the external evaluation of predictability 
for all the candidate models was conducted with prediction- and simulation-based diagnostics, and Bayesian forecasting. 
 
2.3.1 Prediction-based diagnostics 
Population predictions (PREDs) were estimated and compared to the corresponding observations (OBS) based on the prediction 
error (PE%) calculated using equation (3). 
          𝑃𝐸% = (𝑃𝑅𝐸𝐷 ―  𝑂𝐵𝑆𝑂𝐵𝑆 ) × 100                                      (3) 
The median prediction error (MDPE) and median absolute prediction error (MAPE) were applied to investigate the accuracy and 
precision of predictability, respectively. F20 (PE% within ± 20%) and F30 (PE% within ± 30%), an index of both accuracy and 
precision, were also calculated. If a model reached the criteria of MDPE ≤ ± 20%, MAPE ≤ 30%, F20 ≥ 35%, and F30 ≥ 50% (Mao 
et al., 2018; Zhang et al., 2019), its predictive performance was considered to be satisfactory and clinically acceptable. 
 
2.3.2 Simulation-based diagnostics 
To assess the predictability of each selected model based on simulation, prediction- and variability-corrected visual predictive 
check (pvcVPC) as well as normalised prediction distribution error (NPDE) test were conducted to compare the simulated and 
observed data. The dataset was simulated 2000 times using the $SIMULATION module of NONMEM®.  
The calculations and graphical visualisations for pvcVPC were performed with PsN. To identify systematic bias between the 
observed and simulated data, the 95% confidence intervals (CIs) for the median and the 5th and 95th percentiles of the simulated 
 concentrations at different bins were calculated and compared with the observations. The bins were automatically selected by the 
VPC command in PsN. NPDE determination was implemented with the NPDE add-on package in R (version 2.0; 
www.npde.biostat.fr). Based on the null hypothesis that the evaluation data can be well described by a candidate model, NPDE 
follows a standard normal distribution.  
 
2.3.3 Bayesian forecasting 
Maximum a posteriori Bayesian (MAPB) forecasting was conducted using data from patients with ≥ 5 observations to evaluate 
the effect of priors on model predictive performance. For each patient, the individual prediction (IPRED) of the fifth observation 
was predicted by the last one, two, three, and four prior observations, and subsequently compared with the corresponding 
observation. Individual prediction error (IPE%) was calculated using equation (4) as follows: 
 𝐼𝑃𝐸% = (𝐼𝑃𝑅𝐸𝐷 ― 𝑂𝐵𝑆𝑂𝐵𝑆 ) × 100                                     (4)
To assess the predictability of a candidate model as the prior information increased, median IPE% (MDIPE), median absolute 
IPE% (MAIPE), and IF20 and IF30, that represented F20 and F30 of IPE%, respectively, were computed under the circumstance of 
nought to four priors. 
 
2.4 Influence of model structures 
Considering that model structure was one of the primary factors affecting the predictive performance, the various structural 
models reported in previous studies were reviewed (Zhao et al., 2016). The prediction-based diagnostics and Bayesian forecasting 
described above were employed to investigate the predictability of structural models.  
 
3 Results 
3.1 Review of published popPK analysis on tacrolimus 
Sixteen popPK models for tacrolimus in adult liver transplant recipients (Antignac et al., 2005; Blanchet et al., 2008; Chen et al., 
2017; Dansirikul et al., 2004; Fukudo et al., 2003; Ji et al., 2018; Lee et al., 2006; Li et al., 2007; Lu et al., 2015; Oteo et al., 2013; 
Sam et al., 2006; Staatz et al., 2003; Zahir et al., 2005; Zhang et al., 2012; Zhu et al., 2014; Zhu et al., 2015) were finally included 
for external evaluation after the literature search procedure. The details are presented in Appendix S2. Information in all the 
identified studies are summarised in Table 1 and Appendix S3.  
Among the identified studies, 10 of them established a popPK model only with trough concentrations (Antignac et al., 2005; 
Fukudo et al., 2003; Ji et al., 2018; Lee et al., 2006; Li et al., 2007; Lu et al., 2015; Oteo et al., 2013; Zahir et al., 2005; Zhang et 
al., 2012; Zhu et al., 2015). In the remaining studies, four of them used an intensive sampling strategy with ≥ 6 samplings 
(Blanchet et al., 2008; Chen et al., 2017; Sam et al., 2006; Zhu et al., 2014), whereas the others adopted a limited strategy using C0 
and additional 2–3 samplings (Dansirikul et al., 2004; Staatz et al., 2003). 
 The popPK model structures used in all the candidate analyses were linear one-compartment (1CMT) (Antignac et al., 2005; 
Fukudo et al., 2003; Ji et al., 2018; Lee et al., 2006; Li et al., 2007; Oteo et al., 2013; Sam et al., 2006; Staatz et al., 2003; Zahir et 
al., 2005; Zhang et al., 2012; Zhu et al., 2015) or two-compartment (2CMT) (Blanchet et al., 2008; Chen et al., 2017; Dansirikul et 
al., 2004; Lu et al., 2015; Zhu et al., 2014) models with first-order absorption and elimination. In 56.2% of these studies (Antignac 
et al., 2005; Ji et al., 2018; Li et al., 2007; Lu et al., 2015; Oteo et al., 2013; Staatz et al., 2003; Zahir et al., 2005; Zhang et al., 
2012; Zhu et al., 2015), the absorption rate constant (Ka) was fixed, as only tacrolimus trough concentrations were collected.  
Several covariates were found to have a significant effect on the pharmacokinetics of tacrolimus. Among them, postoperative 
days (POD), haematocrit (HCT), and total bilirubin (TBIL) were the most frequently identified covariates influencing apparent 
clearance (CL/F), as reported in eight (Antignac et al., 2005; Chen et al., 2017; Fukudo et al., 2003; Ji et al., 2018; Lee et al., 2006; 
Oteo et al., 2013; Zhu et al., 2014; Zhu et al., 2015), four (Oteo et al., 2013; Zahir et al., 2005; Zhang et al., 2012; Zhu et al., 2015) 
and four studies (Fukudo et al., 2003; Lee et al., 2006; Li et al., 2007; Zhu et al., 2015), respectively. Moreover, POD and body 
weight (BW) were the most frequent covariates influencing apparent volume of distribution (V/F), incorporated in three (Ji et al., 
2018; Oteo et al., 2013; Zhu et al., 2015) and two studies (Fukudo et al., 2003; Staatz et al., 2003), respectively. Other covariates 
identified in the published models were tacrolimus daily dose, age, height (HT), haemoglobin (HB), aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), total protein (TP), albumin (ALB), serum creatinine (SCR), creatinine clearance (CCR), 
CYP3A5 genotype of both recipients and donors, genetic polymorphisms of ABCB1 (C3435T) of recipients, concomitant diltiazem, 
fluconazole or sulfonylurea co-administration, and graft to recipient body weight ratio (GRWR).  
 
3.2 External evaluation cohort 
A total of 572 trough concentrations from 84 patients from 4 to 50 days after transplantation were included in this study. All the 
demographic and laboratory test data, concomitant medications, and primary diseases collected for the evaluation are summarised 
in Table 2. Thirteen observations were below the lower limit of quantification (2.0 ng ml-1) and they were included in the analysis 
as the original reported values. In our dataset, one patient was co-administered diltiazem, five patients were co-administered 
mycophenolate mofetil, and seven patients were co-administered fluconazole. No patient was co-administered sulfonylureas. In 
addition, the allele frequencies of CYP3A5*3 genetic polymorphisms are listed in Table 3 and were in Hardy–Weinberg 
equilibrium. As the ABCB1 genotype was not collected in our data, the genotype of ABCB1 C3435T was assumed to be ABCB1 
3435CC, which has the highest frequency in the Chinese population. 
 
3.3 External predictability evaluation 
3.3.1 Prediction-based diagnostics 
The results of prediction-based diagnostics are provided in Figure 1 and Table S1. None of the investigated models met all the 
aforementioned standards (MDPE ≤ ± 20%, MAPE ≤ 30%, F20 ≥ 35%, and F30 ≥ 50%), indicating unsatisfactory predictive 
 performance. MDPE, as an index of predictive accuracy, was less than ± 20% in six studies (Ji et al., 2018; Lee et al., 2006; Li et 
al., 2007; Lu et al., 2015; Oteo et al., 2013; Zhang et al., 2012), whereas MAPE, as an index of predictive precision, was more 
than 30% in all studies. Considering both the accuracy and precision of predictability, the model reported by Zhang et al.(Zhang et 
al., 2012) was superior to the others, with F20 > 35% and F30 > 45%. 
3.3.2 Simulation-based diagnostics 
In simulation-based diagnostics, pvcVPC showed a large discrepancy between the observations and model simulations in all 
published studies (Figure S2). A significant trend of over- or under-prediction was observed, indicating misspecifications of the 
models. The relatively superior model by Zhang in the prediction-based diagnosis (Zhang et al., 2012) also performed poorly. 
The NPDE results are presented in Figure S3 and Table S2. NPDE distribution of all studies significantly deviated from the 
standard normal distribution. All models were rejected with no adjusted P values over 0.01 for the global test. 
 
3.3.3 Bayesian forecasting 
The results of Bayesian forecasting proved that prior observations significantly improved both predictive precision and accuracy 
even with only one prior observation. Predictive performance reached a stable state with two or three priors. More number of 
priors did not achieve further obvious improvement. Furthermore, in this evaluation, the models of Zhang et al.(Zhang et al., 
2012), Zhu et al.(Zhu et al., 2014), and Zhu et al.(Zhu et al., 2015) were the best three, which showed MDIPE < 20%, MAIPE < 
30%, IF20 > 35% and IF30 > 50% under the circumstance of two to four priors. The box plots of predictability are presented in 
Figure 2, and the results of IPE% are listed in Table S4.  
 
3.4 Effect of model structures  
The model structure employed in all the included studies was either linear 1CMT or 2CMT model. As nonlinear kinetics of 
tacrolimus was observed in kidney transplant recipients (Zhao et al., 2016), three covariate-free model structures, namely the 
linear 1CMT, linear 2CMT, and nonlinear Michaelis–Menten (MM) model, were evaluated. The nonlinear MM empirical model 
was used to quantify the relationship between daily dose and C0, presented as follows (Zhao et al., 2016): 
              (5) 𝐷𝑎𝑖𝑙𝑦 𝑑𝑜𝑠𝑒 (𝑚𝑔 𝑑𝑎𝑦 ―1) = 𝑉𝑚(𝑚𝑔) ×  𝐶0(𝑛𝑔 𝑚𝐿 ―1)𝐾𝑚(𝑛𝑔 𝑚𝐿 ―1) +  𝐶0(𝑛𝑔 𝑚𝐿 ―1)
Where Vm denotes the maximum dose rate (daily dose) at the steady state. The Michaelis constant, Km, denotes the steady-state 
trough concentration at half-maximal dose rate. The estimated parameters for all the three structural models are presented in Table 
S3.  
The results of prediction-based diagnostics shown in Figure 3 and Table S1 indicated that the nonlinear MM model 
performed better than the linear 1CMT and 2CMT models. The F20 and F30 of the covariate-free MM model showed an 
improvement over those of the linear 1CMT (29.72% vs. 25.87% and 25.87%) and 2CMT models (43.01% vs. 38.99% and 
 40.21%). 
The result of Bayesian forecasting listed in Figure 4 and Table S4 showed that the predictive performance of each model was 
improved with MAPB even with only one prior observation. The predictability reached a stable state with two or three priors and 
improvement cannot be further achieved with more prior observations. The IF20 and IF30 values of the covariate-free MM model 
after Bayesian forecasting with one prior reached 49% and 74%, respectively, which were considerably better than those of the 
linear 1CMT model (31% and 46%, respectively) and 2CMT model (29% and 48%, respectively). Furthermore, with two to four 
priors, the IF20 and IF30 values of the covariate-free MM model after Bayesian forecasting were all beyond 35% and 50%, 
respectively, whereas both linear models failed to attain the criteria of IF20 ≥ 35% and F30 ≥ 50%.  
4 Discussion 
To the best of our knowledge, this is the first comprehensive external evaluation of published tacrolimus popPK models in 
adult liver transplant patients using an independent dataset, which was prospectively collected from routine TDM, ensuring the 
accuracy of the data record. 
The results showed that the predictive accuracy was acceptable with MDPE ≤ ± 20% in six studies. However, poor predictive 
precision was observed, and the MAPE fell outside ± 30% in all the investigated models. Therefore, taking both accuracy and 
precision into account, the prediction-based predictive performances were unsatisfactory. In addition, the simulation-based 
pvcVPC and NPDE tests showed that all the published models failed to fulfil the diagnostic criteria.  
Considering that the predictive performance depended largely on the model structure and structural model components had a 
large effect on the clinical utility of model-based personalised dosing (Mao et al., 2018; McDougall et al., 2016; Zhang et al., 
2019), the influence of model structures on predictability was investigated. The predictive performance of the nonlinear MM 
model was shown to be superior to those of linear 1CMT and 2CMT models, which supported the nonlinearity of tacrolimus PK 
in adult liver transplant recipients. This finding is consistent with our previous report on tacrolimus PK in adult renal transplant 
patients (Zhao et al., 2016).  
The identified nonlinear kinetics of tacrolimus PK may be partly attributed to its poor aqueous solubility (1–2 μg ml-1) (Lee 
et al., 2016) and low permeability to the intestinal membrane (Tamura et al., 2002). These lead to a dissolution rate-limited 
absorption in the gastrointestinal tract, and variable and low oral bioavailability (Lee et al., 2016). Additionally, the recovery of 
gastrointestinal function, metabolising enzymes, and P-gp activity with POD, as well as the gradually decreased induction of 
CYP3A enzymes and P-gp in the liver and intestine by tapering of co-administered steroid doses, may also lead to the nonlinear 
pharmacokinetic behaviour (Abuasal et al., 2012; Christians et al., 2002; Shimada et al., 2002; Tubic et al., 2006).  
Moreover, a blockage of albumin synthesis caused by poor hepatic function and a low HCT level in the early postoperative 
period may lead to saturated tacrolimus concentration-dependent binding to albumin and erythrocytes (Chow et al., 1997). Biliary 
complications, such as biliary strictures and bile poor healing in liver transplant recipients, usually require external biliary 
drainage, which increases drug excretion via bile routine (Sarhan et al., 2017; Taner et al., 2012). These complications contributed 
 to the nonlinearity in the distribution and elimination of tacrolimus. 
However, the nonlinearity of tacrolimus in liver transplant patients may be different from that in renal transplant patients. In 
renal transplant patients, with 1–4 prior observations, the IF20% and IF30% of the covariate-free MM models after MAPB 
forecasting reached 65%–90% and 94%–100%, respectively, whereas those in liver transplant patients achieved 35%–49% and 
57%–74%, respectively. This is most likely due to the poor hepatic function significantly affecting the first-pass metabolism of 
tacrolimus and different corticosteroid dosage used in patients with liver transplantation (Bekersky et al., 2001; Shimomura et al., 
2002; Vanhove et al., 2016a). Additionally, most of the liver transplant recipients included in our study were hepatitis B-positive 
(n = 61), hepatitis C-positive (n = 3), or hepatitis E-positive (n = 1). Replication of hepatitis virus in hepatocytes alters the CYP3A 
system, leading to reduced tacrolimus metabolism (Horina et al., 1993), which is different to that in renal transplant recipients. 
Further investigations need to be conducted to explore the underlying mechanism. 
Beyond those mentioned above, the TDM effect is also considered a factor leading to nonlinearity. Individuals with higher 
drug clearance usually have lower drug concentrations. This will make clinicians prescribe higher doses. Therefore, a relationship 
between dose and clearance will be finally induced during the TDM process, which may be misclassified as nonlinearity (Ahn et 
al., 2005; ES et al., 2004). Nevertheless, if the subjects are sampled at more than three dose levels, such as in the current external 
dataset, the TDM effect will not influence the identification of nonlinearity (Ahn et al., 2005).  
In addition to the model structures discussed above, covariates may also be responsible for predictive performance (Vanhove 
et al., 2016a). POD and HCT were the two prevailing covariates identified to affect the CL/F of tacrolimus in liver transplant 
recipients. 
POD was identified as a major surrogate for several time-dependent variables (Ette and Ludden, 1995). The gradual 
improvement in metabolic function with POD increased the CL/F during the early stage after liver transplantation (Chen et al., 
2017). Therefore, an increase in the dose of tacrolimus was usually required to maintain similar trough concentrations with 
increasing time after transplantation (Wallin et al., 2011). In addition, tapering of corticosteroid doses with POD is known to 
decrease the CL/F of tacrolimus, leading to a decrease in the dose of tacrolimus to maintain similar trough concentrations with 
increasing time after transplantation (Passey et al., 2011). The effect of POD on tacrolimus PK may also be related to other factors. 
Their simultaneous inclusion as covariates in the final model would definitely affect the description of POD. 
Tacrolimus mainly binds to erythrocytes, and changes in HCT alter the distribution of tacrolimus between blood and fat 
because it is a lipophilic drug (Sam et al., 2000). Low HCT values increase the partitioning of tacrolimus into fat, thereby leading 
to a higher apparent volume of distribution, which reflects a greater availability of unbound tacrolimus for distribution in 
peripheral tissues (Press et al., 2009; Sam et al., 2000; Sam et al., 2006). As the unbound tacrolimus increased, relatively more 
tacrolimus is metabolized and eliminated from the body, resulting in increased CL/F. The relationship between HCT and 
tacrolimus PK has been well described in published models, and a low HCT of < 35% results in 46% higher CL/F than HCT 
levels of > 35% (Zahir et al., 2005). 
 CYP3A5*3 genetic polymorphisms is also considered a predominant factor associated with tacrolimus PK (Goto et al., 2004), 
and its polymorphisms in both donors and recipients partially explain the between-subject variability in tacrolimus clearance (Li et 
al., 2007; Zhu et al., 2015). The CL/F in recipients with the CYP3A5*1 allele grafted from a donor with and without the 
CYP3A5*1 allele, respectively, was 2.3- and 1.5-fold higher than that in recipients with the CYP3A5*3/*3 genotype (Ji et al., 
2018). When the CYP3A5*3 genotypes of both recipients and donors were taken into consideration, the between-subject 
variability of CL/F was reduced from 40.6% to 31.2% (Li et al., 2007). Moreover, tacrolimus is transported by P-gp encoded by 
the ABCB1 gene, but polymorphism of ABCB1 was not considered as a covariate in most studies (Ji et al., 2018; Oteo et al., 2013; 
Staatz et al., 2003). 
Additionally, predicting a dose without TDM in a patient will not be accurate (Tauzin et al., 2019). However, through 
Bayesian forecasting, dosing can be predicted and adjusted more precisely even with one prior sample (Mizuno et al., 2017; 
Sheiner and Beal, 1982). External evaluation of the performance of the published models with Bayesian forecasting may help find 
the most appropriate model and its related influencing factors, as well as guide dose adjustment in clinical practice. In this study, 
the results of prediction-based and simulation-based diagnostics showed the poor predictive performance of the published models. 
Bayesian forecasting showed that reliable and stable prediction was obtainable by MAPB estimation with 2–3 prior observations, 
which is in agreement with the results from renal transplant subjects (Mao et al., 2018; Zhang et al., 2019; Zhao et al., 2016). This 
indicated that population model-based approach using Bayesian forecasting in combination with TDM can be implemented to 
individually adjust tacrolimus dosing regimens.  
This study had some limitations. One limitation is that we concentrated on the trough concentrations alone, which limited 
the evaluation of the absorption models, such as the transit models. However, based on the C0, the CL/F of tacrolimus was still 
reliably estimated. Another limitation is the bioassay method, which is inconsistent with those used in most of the published 
studies. As the analytical method may result in bias of parameters estimation (Akbas et al., 2005; Laporte-Simitsidis et al., 2000), 
two conversional formulas were used to make the inter-method results equivalent. After conversion, all the models with different 
bioassay methods were grouped together, but no obvious bioassay-related trends were found in the predictive performance. This 
indicated that the difference in bioassay between the external dataset and the investigated model was not a dominant limitation 
after inter-method conversion. However, the inter-method biases may not be completely eliminated, which may have an effect on 
more or less predictive performance (Wallemacq et al., 2009; Zhao et al., 2016). 
5. Conclusions 
The external predictive performance of the 16 investigated population PK models for tacrolimus in adult recipients with liver 
transplantation was unsatisfactory in both prediction- and simulation-based diagnostics. The MAPB approach significantly 
improved both predictive accuracy and precision of the models, which can be used to guide tacrolimus dosing recommendations 
and adjustments for clinicians. Furthermore, this study highlights that the predictive performance of the MM model was superior 
to that of linear compartment models, indicating underlying nonlinear kinetics of tacrolimus in liver transplant patients. This may 
 be attributed to the properties of tacrolimus itself. Further studies are required to confirm our findings.  
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 Tables 
Table 1 Summary of published population pharmacokinetic studies of tacrolimus in adult liver transplant recipients 
Study  
(publication 
year） 
Country 
(Single/ 
multiple 
sites) 
Number of 
patients 
(Male/Female) 
Sampling schedule 
(Number of 
samples) 
Postoperative time  
mean±SD / 
median(range） 
Bioassay Structural model PK parameters and formulas BSV% 
(BOV%) 
RUV 
CL 0.743 + 0.0157 × POD 
× (0.792, if TBIL > 42.75) 
× (0.810, if SCR > 88.4) 
× GHW/600 
60.0i 
Vd 1.64 × WT 35.4 
[1] Fukudo 
et al.(2003)  
Japan 
(Single) 
35(18/17) C0 (824) (0-28) days MEIA 
 
1CMT  
 
F 0.0732 71.2i 
2.57 ng ml-1 
CL/F  29.6 (if AST < 70U/L) 
or 24 (if AST > 70U/L) 
43 
Vd/F  601× (WT/72.1) 93 
[2] Staatz 
et al.(2003)  
Australia  
(multiple) 
68(48/20) SSa (1742) 323 ± 370  
(6-2115) days 
LC-MS/MS 1CMT 
 
Ka 4.48 (fixed) / 
3.3 ng ml-1 
CL/F 27.0 43.4 (16.4) i 
VC/F 388.0 38.7 (61.2) i 
Q/F  54.5 /  
VP/F 2200 /  
[3] Dansirikul 
et al.(2004)  
Australia  
(multiple) 
31(23/8) SSb 
(not available) 
totally 54 PK 
profiles 
 
420 ± 530 
(11-1886) days 
LC-MS/MS 2CMT  
 
 
Ka 4 69.6 
14.4% 
CLmax 36 × (ALB/38)-0.64   43.6 i 
TCL50 6.3 × (AST/46)0.28 33.2 
CL CLmax × POD4.9/(TCL504.9 + POD4.9) / 
Vd 1870 49.0 i 
[4] Antignac 
et al.(2005)   
France 
(single) 
37(26/11) C0 (824) 29 ± 12 
(11-66) days 
MEIA 1CMT 
 
Ka 4.48 (fixed) / 
3.07 ng ml-1 
[5] Zahir 
et al.(2005)  
Australia 
(single) 
67(45/22) C0 (694) 40.2 ± 17.3 
(14-94) days 
MEIA 
 
1CMT  
 
CL/F 21.3 
+ (9.8, if HCT < 35) 
+ (3.4, if ALB < 35) 
- (2.1, if concomitant diltiazem) 
- (7.4, if concomitant fluconazole) 
31.6 
       Vd/F 314 / 
       Ka 4.5 (fixed) / 
24.3% 
(Continues) 
 
 Table 1 continued 
Study  
(publication 
year） 
Country 
(Single/ 
multiple sites) 
Number of 
patients 
(Male/Female) 
Sampling schedule 
(Number of 
samples) 
Postoperative time  
mean±SD / 
median(range） 
Bioassay Structural model PK parameters and formulas BSV% 
(BOV%) 
RUV 
CL/F 0.36 + 2.01/POD (if POD ≤ 35) 
× TBIL -0.23 (if TBIL > 20.52) 
× (0.49, if POD ≤ 3) 
× (0.75, if INR > 1.4) 
× (0.86, if GRWR ≤ 1.25%) 
× WT 
35.35 [6] Lee 
et al.(2006)  
South Korea  
(single) 
35(25/10) C0 (1251)  
 
133.03 ± 74.08 
(24-308) days 
 
MEIA 1CMT 
 
Vd/F 568 68.12 
3.14 ng ml-1 
 
CL/F 14.1 + 0.237 × (WT-55) 
- (2.93, if ALP ≥ 200) 
- 0.801 × (SCR - 60) 
65.7 
Vd/F  217 - 7.83 × (HCT-31.1) 
   + 179 × (HT-1.61) 
63.8 
[7] Sam  
et al.(2006)  
Singapore 
(single) 
31 (23/8) ISc 
(213) 
 
Not available HPLC- 
MS/MS 
1CMT 
 
Ka 2.08  /  
34.8%  
 
CL/F 15.9 - 1.88 
× [(1 , if 25.7 < TBIL ≤ 51.4) 
or (2, if 51.4 < TBIL ≤ 77.1)  
or (3, 77.1 < TBIL ≤ 128.5) 
or (4, TBIL > 128.5) 
+ (7.65, if donor CYP3A5*1) 
+ (7.00, if recipient CYP3A5*1) 
31.2 2.81 ng ml-1 
 
Vd/F  620 55.0  
[8] Li  
et al.(2007)  
China 
(single) 
72(60/12) 
 
C0 (703)  
 
13.5 (1-88.5) days MEIA 1CMT 
 
Ka 4.48 (fixed) /  
CL/F 2.85  
× (0.36, if a whole/split graft) 
× (1.026, if coagulation factor V) 
23 
VC/F  87  44 
Q/F  22 39 
VP/F 1290 36  
[9] Blanchet 
et al.(2008)  
France 
(single) 
14(11/3) 
 
ISd(198)  (6-97) days  
 
 
 
EMIT 2CMT 
 
Ka 4.03 44 
11% 
(Continues) 
  
 Table 1 continued  
Study  
(publication year） 
Country 
(Single/ 
multiple 
sites) 
Number of 
patients 
(Male/Female) 
Sampling schedule 
(Number of 
samples) 
Postoperative time  
mean±SD / 
median(range） 
Bioassay Structural model PK parameters and formulas BSV% 
(BOV%) 
RUV 
CL/F  20.9 × (DD/4)0.582 
× (HCT/35.4)0.418 
× (TP/69.1)0.780 
× (0.841, if concomitant sulfonylureas) 
23.8 
Vd/F 808 × (HCT/35.4) 1.52 × (TP/69.1)1.81  70.4 
[10] Zhang  
et al.(2012)  
China 
(single) 
262 (226/36) C0 (3703) 85.4±211.5 
37.5 (2-1941) days 
MEIA 1CMT 
 
Ka 4.0 (fixed) / 
33.6%  
0.96 ng ml-1 
[11] Oteo 
et al.(2013)  
Spain 
(single) 
75(not available) C0 (335) (0-15) days MEIA 1CMT 
 
CL/F  11.10 (if POD ≤ 3 & AST< 500) 
or 8.04 (if POD ≤ 3 & AST ≥ 500) 
or 17.80 (if 4 ≤ POD ≤ 15 & ALB ≥ 25 & 
HCT ≥ 28) 
or 24.50 (if 4 ≤ POD ≤ 15 & ALB < 25 & 
HCT < 28) 
45.93e 
 
36.74f 
       Vd/F 328 (if POD ≤ 3) 
or 568 (if 4 ≤ POD ≤ 15) 
52.15e 
20.20f 
       Ka 4.48 (fixed) / 
28.04% 
CL/F  11.2 × DD × POD0.127 16.2 26.54% 
 
VC/F  406 163  
Q/F 57.3 19.7  
VP/F  503 199  
[12] Zhu 
et al.(2014)  
China 
(single) 
47 (27/20) 
 
ISg (435) 20.71±18.04 
14 (2-85) days 
MEIA 2CMT  
 
Ka 0.723 74.3  
CL/F  32.8 × 0.562 × [EXP(ALT/40) × (-0.0237)] 46.6 39.8% 
VC/F  22.7 57.3  
Q/F 76.3 46  
VP/F  916 (fixed) 93.5  
Ka 0.419 /  
[13] Lu 
et al.(2015)  
China 
(single) 
112 (86/26) 
 
C0 (1100) 19.38 ± 17.75  
(2-137) days 
MEIA 2CMT  
 
Tlag 0.404 /  
  (Continues) 
 
 Table 1 continued  
Study  
(publication 
year） 
Country 
(Single/ 
multiple 
sites) 
Number of 
patients 
(Male/Female) 
Sampling schedule 
(Number of 
samples) 
Postoperative time  
mean±SD / 
median(range） 
Bioassay Structural model PK parameters and  formulas BSV% 
(BOV%) 
RUV 
CL/F  17.6 × (POD/40.36)0.205 × (BUN/11.86)-0.116 
× (ALP/149.77)0.165 
× (TBIL/100.22)-0.142 
× (HCT/99.09)-0.789 
× (1.661, if CYP3A5*1 recipient)  
53.9 
Vd/F 225 × POD0.852 × (HB/99.09)-0.813 68 
[14] Zhu 
et al.(2015)  
China 
(single) 
95(73/22) 
 
C0 (2285) 39.5 (1-341) days MEIA 1CMT  
 
Ka 4.48 (fixed) / 
28.40% 
0.606 ng ml-1 
CL/F  21.9 × EXP(0.0102 × POD)  
× EXP(0.258 × CCR/113) 
× EXP(-0.148) (if ABCB1 3435CT recipient) 
or EXP(-0.296) ( if ABCB1 3435TT recipient) 
36.3 
VC/F  284 × EXP(-0.125) ( if ABCB1 3435CT recipient)  
or EXP(-0.25) (if ABCB1 3435TT recipient) 
89.4 
Q/F 62.1 / 
VP/F  710 / 
Ka 0.55 56.7 
[15] Chen 
et al.(2017)  
China 
(single) 
153 (125/28) 
 
C0 (1234) 
+ 
 ISh (470) 
 
 22.8 ± 6.78  
(3-89) days 
MEIA 
 
LC-MS/MS 
2CMT  
 
Tlag 1.96 / 
33.3% 
[16] Ji 
et al.(2018)  
Korea  
(single) 
58 (46/12) C0 (605) (0-14) days MEIA 1CMT 
 
CL/F 6.33 × POD0.257 
× 2.314 (if CYP3A5*1 recipient grafted from 
CYP3A5*1 donor)  
× 1.523 (if CYP3A5*1 recipient grafted from 
CYP3A5 *3/*3 donor) 
34.2 42.70% 
0.915 ng ml-1 
 
 
       Vd/F 465 × POD0.322 45.5  
       Ka 4.48 (fixed) /  
ALB, albumin (g l-1); ALP, alkaline phosphatase (U l-1); ALT, alanine aminotransferase (U l-1); AST, aspartate transferase (U l-1); BOV, between occasion variability; BSV, between subject variability; BUN, blood 
uric nitrogen (mmol l-1) ; WT, body weight (kg); C0, blood trough concentration; CL, clearance (l h-1); CL/F, apparent clearance (l h-1); CCR, creatinine clearance calculated by the Cockcroft-Gault formula (ml 
min-1); CMT, compartment; CYP3A5*1, cytochrome P450 3A5 expresser (*1/*1 or *1/*3); DD, tacrolimus daily dose (mg day-1); DDWT, tacrolimus daily dose per kilogram of body weight (mg day-1 kg-1); EMIT, 
enzyme multiplied immunoassay technique; F, bioavailability; GHW, grafted hepatic weight (g); GRWR, graft:recipient weight ratio (%); HB, hemoglobin (g l-1); HCT, haematocrit (%); HPLC, high performance 
liquid chromatography; HT, body height (m); INR, international normalized ratio; IS, intensive sampling; Ka, absorption rate constant (h-1); LC–MS/MS, liquid chromatography tandem-mass spectrometry; MEIA, 
microparticle enzyme immunoassay; POD, postoperative days (day); Q, inter-compartmental clearance (l h-1); Q/F, apparent inter-compartmental clearance (l h-1); RUV, residual unexplained variability; SCR, 
 serum creatinine (μmol l-l); SD, standard deviation; SS, sparse sampling; TBIL, Total bilirubin (μmol l-1); Tlag, absorption lag time (h); TP, total protein (g l-1); VC, volume of distribution of central compartment (l); 
VC/F, apparent volume of distribution of central compartment (l); VP, volume of distribution of peripheral compartment (l); VP/F, apparent volume of distribution of peripheral compartment (l);  
a Intensive samples were collected at 0, 1, 2, 4, and 6 or 8 h postdose and repeated on a second occasion (generally 1 to 4 weeks after the first collection day). 
b Intensive samples were collected at 0, 1, 2, 4, and 6 h postdose. 
c Intensive samples were collected predose and at specific time-points after an oral dose of tacrolimus. But, details and the time points of sampling were not available. 
d Intensive samples were collected predose and at 2, 3, 4, 6, and 9 h postdose on day 8 (±2), day 21 (±3), and day 90 (±7) post-transplantation. 
e Between subject variability for CL/F in the 0-3 day post-transplantation period. 
f Between subject variability for Vd/F in the 4-15 day post-transplantation period. 
g Most of the intensive samples were collected predose and at 0.3, 1, 1.5, 2, 4, 6, 8, and 12 h postdose while some were collected only before administration in steady-state conditions.  
h Intensive samples (28 patients) were collected at 0, 1, 1.5, 2, 2.5, 3, 4, 6, 8 and 12 h postdose at week 1 and 3 post-transplantation. 
i correlation coefficient: CL ~ F: 0.770; CL/F ~ Vc/F: 0.583; CLmax ~ Vd: 0.55;    
 Table 2 Characteristics of external evaluation dataset 
Characteristics Number or mean ± SD Median (range) 
No. of patients (Male/Female) 84 (69/15) / 
No. of samples 572 / 
Primary disease    
virus related cirrhosis    
hepatitis B virus a 61 / 
hepatitis C virus a 3 / 
hepatitis E virus a 1 / 
hepatocellular carcinoma a 13 / 
alcohol cirrhosis a 4 / 
autoimmune hepatitis a   2 / 
Age (years) 51±9.97 51(17-74) 
Body weight, WT (kg) 63.24±11.14 62(40-100) 
Body height (m) 1.69±0.07 1.70(1.54-1.80) 
Grafted hepatic weight, GHW (g) 1299.25±218.51 1300(603-2100) 
Graft: recipient weight ratio, GRWR (%) 2.14±0.51 2.03(1.04-3.58) 
Tacrolimus daily dose (mg day-1) 3.13±1.61 3.00(0.25-8.00) 
Tacrolimus trough concentration (ng ml-1) 6.78±2.94 6.59(1.00-23.11) 
Postoperative days, POD (day) 13.8±8.5 12(4-50) 
Hemoglobin, HB (g l-1) 104.64±16.7 104(61-159) 
Haematocrit, HCT (%) 31.28±4.99 31(16.6-53.6) 
Albumin, ALB (g l-1) 37.28±4.05 37(20-51) 
Total protein, TP (g l-1) 60.67±7.03 60(40-91) 
Alanine aminotransferase, ALT (U l-1) 105.86±141.41 49.5(4-1043) 
Aspartate aminotransferase, AST (U l-1) 64.03±78.29 42(10-886) 
Alkaline phosphatase, ALP (U l-1) 238.71±231.13 167.5(44-2021) 
Total bilirubin, TBIL (μmol l-1) 89.89±78.57 66.25(5.1-458.8) 
International normalized ratio, INR 1.24±0.19 1.24(0.91-2.77) 
Blood uric nitrogen, BUN (mmol l-1) 8.95±4.9 7.85(1.5-36) 
Serum creatinine, SCR (μmol l-1) 61.96±29.82 57(25-400) 
Creatinine clearance, CCR (ml min-1) b 123.25±44.88 122.22(23.36-319.46) 
Concomitant medication   
          Diltiazem a 1 / 
          Fluconazole a 7 / 
          Sulfonylureas a 0 / 
mycophenolate mofetil a 5 / 
SD, standard deviation 
a Data are expressed as number of recipients (samples) 
b Calculated from serum creatinine using the Cockcroft–Gault formula: CCR= [140 – age (years)] × weight (kg) / [0.818 × SCR 
(μmol l-1)] × (0.85, if female) 
  
 Table 3 Allele frequencies of genetic polymorphisms in CYP3A5 genes of external dataset 
Single nucleotide polymorphisms Number of recipients Frequency (%) 
Recipients 
CYP3A5*3 (A6986G, rs776746)   
AA (*1/*1) 5 5.95 
GA (*1/*3) 35 41.67 
GG (*3/*3) 44 52.38 
Donors 
CYP3A5*3 (A6986G, rs776746)   
AA (*1/*1) 4 4.76 
GA (*1/*3) 39 46.43 
GG (*3/*3) 41 48.81 
The allele frequencies are found to be in Hardy–Weinberg equilibrium (P > 0.05)  
 Figure legends 
Figure 1 Box plots of prediction error (PE%) for 16 published population pharmacokinetic models. Black solid, grey, and 
dark-green dashed lines are reference lines indicating PE of 0%, ± 20%, and ± 30%, respectively.  
Figure 2 Box plots of individual prediction error (IPE%) with Bayesian forecasting for 16 published population pharmacokinetic 
models in different scenarios (0 represents predictions with no prior observation; 1–4 represent predictions with one to four prior 
observations, respectively). In scenario n, prior n observations were used to estimate the individual prediction, and it was then 
compared with the corresponding observation.  
Figure 3 Box plots of prediction error (PE%) for investigated structural models. Black solid, grey, and dark-green dashed lines are 
reference lines indicating PE of 0%, ± 20%, and ± 30%, respectively. 1CMT, one-compartment model; 2CMT two-compartment 
model; MM, Michaelis–Menten model. 
Figure 4 Box plots of individual prediction error (IPE%) with Bayesian forecasting for investigated structural models in different 
scenarios (0 represents predictions with no prior observation; 1–4 represent predictions with one to four prior observations, 
respectively). 1CMT, one-compartment model; 2CMT two-compartment model; MM, Michaelis–Menten model. 
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Figure S1 
Population characteristics. (A) Histograms from different countries. Percentages of studies by sites where ethnicity of the patients 
has been reported in the published articles are indicated in the graph. (B) Histograms of studies based on the number of recipients 
included in the analysis. Number of recipients was categorized in 3 groups (below 50, above 100, and in between). (C) Histograms 
of studies based on the bioassay method performed to measure tacrolimus concentration. Bioassay was categorized in three 
methods including LC-MS/MS, EMIT, and MEIA. Percentages of each specific method are indicated for each category. (D) 
Frequencies of studies based on time posttransplant of follow-up. Postoperative time was categorized in different periods: first 2 
weeks, first 1, 3, 6, and 12 months after transplant, after months posttransplant. EMIT, enzyme multiplied immunoassay 
technique; LC, liquid chromatography; MEIA, microparticle enzyme immunoassay; MS, mass spectrum; NR, not reported.  
Figure S2  
Prediction- and variability-corrected visual predictive check (pvcVPC) plot of the candidated models. (A) plotted with logarithmic 
scale for y-axis and linear scale for x-axis, (B) plotted with linear scale for both x- and y-axis. The red solid line represents the 
prediction- and variability-corrected median observed concentration, and the semitransparent red field represents the 
simulation-based 95% confidence intervals (CIs) for the median. The corrected observed 5th and 95th percentiles are shown with 
red dashed lines, and the simulation-based 95% CIs for the corresponding model predicted percentiles are presented with the 
semitransparent blue fields. The prediction- and variability-corrected observations are represented by blue dots.  
Figure S3  
Normalized prediction distribution error (NPDE) plots of the 16 candiated models. (A) Quantile-quantile plot of the distribution of 
the NPDE against the theoretical distribution (semitransparent blue fields), (B) Histogram of the distribution of the NPDE against 
the theoretical distribution (semitransparent blue fields), (C) NPDE vs. postoperative time (days), (D) NPDE vs. predicted 
concentrations. In plot C and D, the red solid lines represent the median NPDE of the observations, and semitransparent red fields 
represent the simulation-based 95% confidence intervals (CIs) for the median. Blue solid lines represent the NPDE of the 
observed 5th and 95th percentiles, and semitransparent blue fields represent the simulation-based 95% CIs for the corresponding 
model-predicted percentiles. The NPDE of the observations are represented by blue dots.  
 
 
Appendix S1. Genotyping of CYP3A5*3 single-nucleotide polymorphisms. 
DNA was extracted from the whole blood of both liver transplant receipients and their corresponding donors using the TIANamp 
Blood DNA Kit (Tiangen Biotech Co. Ltd, Beijing, China). The polymerase chain reaction (PCR) was applied to amplify the 
variant alleles using ABI Veriti 96-Well PCR (Applied Biosystems, Foster City, CA, USA). The volume of amplification reaction 
was 20 μl, containing 10 μl 2×Taq Master Mix, 7 μl of distilled water, 1 μl of each primer (10 pmol μl-1), and 1 μl DNA template 
(20 ng μl-1). The sequences of forward (F) and reverse (R) primers were listed below.  
 
The sequences of forward (F) and reverse (R) primers for the CYP3A5 genotyping SNPs 
Gene Primer                                                Tm 
F: 5’ CATTTAGTCCTTGTGAGCACTTGAT 3’              59.9 ℃ CYP3A5*3 
(rs776746) R: 5’ TAGCACTGTTCTGATCACGTCG 3’                  58.8 ℃ 
 
The PCR conditions were as follows: a denaturation at 95 oC for 3 minutes, then 35 cycles of denaturation at 94 oC for 30 
seconds, annealing at 55 oC for 25 seconds, and elongation at 72 oC for 30 seconds, followed by a final extension at 72 oC 
for 5 minutes. The amplified DNA was purified and genotypes were determined by direct sequencing using ABI PRISM 
3730XL Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Tm, melting temperature. 
  
Appendix S2: Detailed process of literature search and selection  
Search terms:  
((liver transplant*) OR (hepatic transplant*) OR (liver graft*) OR (hepatic graft*)) AND ((population pharmacokinetic*) OR 
(non-linear mixed effect) OR NONMEM) AND (tacrolimus OR FK506 OR Prograf OR Advagraf), with an asterisk (*) used as a 
wildcard. 
Inclusion criteria:  
(1) Original population pharmacokinetic studies on adult liver transplant recipients treated with oral tacrolimus of the 
immediate-release formulation. 
(2) Population pharmacokinetic modeling approach restricted to nonlinear mixed-effects analyses. 
(3)  Language: English. 
Exclusion criteria:  
 Receipients were not treated with oral tacrolimus of immediate-release formulation . 
 Datasets were overlapped or studies were duplicated. 
 Required covariates were unavailable in the evaluation dataset. 
 Model details were not available for external evaluation. 
Flow diagram of literature selection process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lists of the excluded studies (n = 10): 
(1)  Not treated with oral tacrolimus of immediate-release formulation (n = 1) 
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Studies included for external 
evaluation (n = 16)
Records identified through database searching (n = 325)
PubMed (n = 45); 
Web of Science(n = 249); 
Embase (n = 31)
Id
en
tif
ic
at
io
n Additional records identified 
through the reference lists of 
selected aticles (n = 0)
Records after duplicates removed (n = 250)
Records screened (n =250) Records excluded (n = 224)
Full-text articles assessed 
for eligibility (n = 26)
Full-text articles excluded (n = 10), with reasons:
 Not treated with oral tacrolimus of 
immediate-release formulation (n = 1)
 Data overlapped or duplicated studies (n = 2)
 Required covariates unavailable in the 
evaluation dataset (n = 1)
 Model details were not available for external 
evaluation (n = 6)
 Receipients in the study by Moes, D. J. et al.[1] were treated with immunosuppressive therapy based on 
once-daily tacrolimus. 
(2) Data or cohort overlapping (n = 2) 
 Studies by Fukatsu et al. [2] and Fukudo et al. [3] had data overlap, thus the former one was excluded since the 
latter one was more recent.  
 Studies by Valdivieso et al. [4] and Oteo et al. [5] had data overlapped and then the former one was excluded. 
 (3) Required covariates unavailable in the evaluation dataset (n = 1) 
 The evaluation dataset missed the mRNA level of intestinal multidrug resistance-associated protein 1, which was 
the required covariates in the study conducted by Fukudo et al. [6]. 
 (4)  Model details were not available (n = 6) 
 The study carried out by Wählby et al. [7], Zahra Nasiri-Toosi et al. [8], Badri et al.[9], Wallemacq et al.[10], 
missed the details of parameters and formulas. 
 The study by Pieter et al. [11] and Choi et al. [12] were excluded since their data just focused on investigating the 
effects of sampling time on model parameters. 
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Appendix S3: Summarized information of all the identified studies 
Among all the identified studies, 62.5 % (n = 10) were reported in East Asian (six in China [8, 10, 12–15], two in Korea [16, 
26], one each in Singapore [7] and Japan [1], respectively), and only 18.8% (n = 3) in Europe (two in France [4, 9], one in Spain 
[11]) and 18.8% (n = 3) in Australia [2, 3, 5] (Figure S1A). 
Most of the included studies (87.5%) were single centre studies [1, 4–16] while only 12.5% were multicentre studies [2, 3]. 
Moreover, 43.8% (n = 7) of the studies had a small sample size of less than 50 patients [1, 3, 4, 6, 7, 9, 12], 37.5% (n = 6) of the 
studies used data from patients between 50 and 100 subjects [2, 5, 8, 11, 14, 16], and only 18.8% (n = 3) of the studies involved 
more than 100 participants [10, 13, 15] (Figure S1B).  
Three kinds of bioassays were employed in previous studies, including MEIA in eleven studies [1, 4–6, 8, 10–14, 16], 
LC-MS in three studies [2, 3, 7], EMIT in one study [9], and LC-MS combined with MEIA in one study [15] (Figure S1C).  
Additionally, the post-transplant period of follow-up varied greatly from one day to 2115 days after the liver transplantation 
(Figure S1D). Over half of the studies (62.5%, n = 10) were conducted during the first 6 months post-transplantation [1, 4, 5, 8, 9, 
11–13, 15, 16], two of those were performed within 2 weeks post-transplantation [11, 16]. Others were conducted over six months 
post-transplantation. Only one study did not report the postoperative period [7]. 
 
  
Supplementary table 
Table S1 Results of prediction-based diagnostics 
 
Models MDPE (%) MAPE (%) F20 (%) F30 (%) 
Published Studies     
Fukudo et al.(2003)[1] -32.31 40.74 22.55 36.01 
Staatz et al.(2003)[2] -28.51 37.50 27.45 39.16 
Dansirikul et al.(2004)[3] -43.60 47.84 19.93 30.24 
Antignac et al. [4] -43.58 46.57 18.18 29.20 
Zahir et al.(2005)[5] -29.09 39.12 23.43 36.89 
Lee et al.(2006)[6] 9.92 46.97 19.93 30.94 
Sam et al.(2006)[7] 20.68 50.98 20.80 31.83 
Li et al.(2007)[8] -11.56 43.43 27.10 37.41 
Benoit et al.(2008)[9] 88.12 88.12 13.11 17.31 
Zhang et al.(2012)[10] 4.17 30.96 35.31 49.13 
Oteo et al.(2013)[11] -8.11 36.47 27.45 41.26 
Zhu et al.(2014)[12] -33.88 38.81 22.38 36.54 
Lu et al.(2015)[13] -19.53 37.21 28.50 39.86 
Zhu et al.(2015)[14] -69.79 69.81 2.80 5.24 
Chen et al.(2017)[15] -54.47 55.67 11.71 18.71 
Ji et al.(2018)[16] -5.55 43.07 23.25 34.79 
Impact of Model Structure     
MM (Base Model) 4.42 34.34 29.72 43.01 
2-CMT (Base Model) -5.16 37.57 25.87 40.21 
1-CMT (Base Model) -1.35 38.89 25.87 38.99 
MDPE (%), median prediction error; MAPE (%), median absolute prediction error; F20 (%) and F30 (%), the percentage of 
absolute prediction error within 20% and 30%, respectively; 1-CMT, one-compartmental model; 2-CMT, two-compartmental 
model; MM, Michaelis-Menten model. 
 
 
 
 
 
 
Table S2 Statistic test results of normalized prediction distribution error (NPDE) diagnostics 
 
Study (publication year) Mean (SE) Variance (SE) Skewness Kurtosis  Wilcoxon signed 
rank testa 
Fisher 
testa 
Shapiro-Wilks 
testa 
Global testa 
Published models       
Fukudo et al.(2003)[1] 0.271 (0.040) 0.921 (0.054) 0.375 0.379 0.000*** 0.176 0.000*** 0.000*** 
Staatz et al.(2003)[2] 0.254 (0.025) 0.369 (0.022) 0.717 1.475 0.000*** 0.000*** 0.000*** 0.000*** 
Dansirikul et al.(2004)[3] -1.416 (0.110) 7.140 (0.420) 0.920 -0.811 0.000*** 0.000*** 0.000*** 0.000*** 
Antignac et al.(2005)[4] 0.471 (0.030) 0.531 (0.031) 0.623 0.759 0.000*** 0.000*** 0.000*** 0.000*** 
Zahir et al.(2005)[5] -0.218 (0.083) 3.925 (0.230) 0.105 -0.873 0.008** 0.000*** 0.000*** 0.000*** 
Lee et al.(2006)[6] -0.054 (0.036) 0.761 (0.045) 0.511 0.921 0.138 0.000*** 0.000*** 0.000*** 
Sam et al.(2006)[7] -0.390 (0.041) 0.908 (0.055) 0.168 -0.396 0.000*** 0.120 0.016* 0.000*** 
Li et al.(2007)[8] 0.197 (0.041) 0.949 (0.056) 0.461 0.327 0.000*** 0.392 0.000*** 0.000*** 
Benoit et al.(2008)[9] -1.417 (0.082) 3.819 (0.230) 0.993 0.187 0.000*** 0.000*** 0.000*** 0.000*** 
Zhang et al.(2012)[10] 0.079 (0.045) 1.172 (0.069) 0.434 0.327 0.082 0.005** 0.000*** 0.000*** 
Oteo et al.(2013)[11] -0.215 (0.066) 2.457 (0.150) 0.200 -0.172 0.001** 0.000*** 0. 000*** 0.000*** 
Zhu et al.(2014)[12] 0.394 (0.077) 3.394 (0.200) -0.160 -0.745 0.000*** 0.000*** 0.000*** 0.000*** 
Lu et al.(2015)[13] -0.152 (0.057) 1.872 (0.110) 0.085 -0.290 0.008** 0.000*** 0.113 0.000*** 
Zhu et al.(2015)[14] 0.854 (0.075) 3.175 (0.190) -0.417 -0.608 0.000*** 0.000*** 0.000*** 0.000*** 
Chen et al.(2017)[15] -0.009 (0.091) 4.718 (0.280) 0.109 -1.121 0.917 0.000*** 0.000*** 0.000*** 
Ji et al.(2018)[16] 0.136 (0.046) 1.188 (0.070) 0.603 0.416 0.003** 0.003** 0.000*** 0.000*** 
SE, standard error;  
aData are presented as P value 
***P < 0.001, **P < 0.01, *P < 0.05 
  
Table S3 Estimated parameters of investigated structural models 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
BSV, between subject variability; CL/F, apparent clearance; CV, coefficient of variation; Ka, absorption rate constant; Km, 
Michales-Menten constant equal to the steady-state trough concentration at half-maximum dose rate; OFV, objective function 
value; Q/F, apparent inter-compartmental clearance; RUV, residual unexplained variability; Vc/F, apparent central volume of 
distribution; Vm, the maximal dose rate (daily dose) at steady state; Vp/F, apparent peripheral volume of distribution.  
Ka, Q/F, and Vp/F were fixed. All estimations are provided as model estimate (relative standard error, RSE%). The BSV on Km 
and Vm in Michales-Menten model or CL/F in other linear compartment models were described with exponential error model. 
The residual error in all the structural models was modelled using a mixed exponential-additive model.  
 
 
 
 
Parameter Base Model 
Michaelis-Menten Model 
OFV 795.0 
Vm (mg day-1) 
Km (ng ml-1) 
5.86 (12%) 
5.72 (23%) 
BSV_Vm (CV%) 
BSV_Km (CV%) 
15.6 (64%) 
66.7 (18%) 
RUV   
Proportional error (%) 28.7 (15%) 
Additive error (ng ml-1) 0.569 (28%) 
One-Compartment Model  
OFV 1862.5 
CL/F (l h-1) 
V/F (l) 
Ka (h-1) 
14.4 (6%) 
258 (20%) 
4.48 (Fixed) 
BSV_CL/F (CV%) 31.6 (13%) 
RUV    
Proportional error (%) 22.8 (24%) 
Additive error (ng ml-1) 2.19 (14%) 
Two-Compartment Model 
OFV 1909.4 
CL/F (l h-1) 
Vc/F (l) 
Q/F (l h-1) 
Vp/F (l) 
Ka (h-1) 
13.4 (5%) 
179 (8%) 
15 (Fixed) 
300 (Fixed) 
4.48 (Fixed) 
BSV_CL/F (CV%) 30.7 (12%) 
RUV  
Proportional error (%) 14.9 (68%) 
Additive error (ng ml-1) 2.64 (10%) 
Table S4 Results of Bayesian forecasting 
 
 MDIPE (%)  MAIPE (%)  IF20 (%)  IF30 (%) Models 
 P0 P1 P2 P3 P4  P0 P1 P2 P3 P4  P0 P1 P2 P3 P4  P0 P1 P2 P3 P4 
Published studies                         
Fukudo et al.(2003)[1]  -13 2 8 11 15  37 28 30 33 32  27 36 35 33 33  42 51 49 49 45 
Staatz et al.(2003)[2]  -20 -12 -8 -4 -1  41 34 35 30 30  25 26 32 37 38  35 40 42 50 50 
Dansirikul et al.(2004)[3]  -28 14 37 56 114  35 26 41 57 114  27 37 27 12 5  39 57 42 24 8 
Antignac et al.(2005)[4]  -44 -29 -21 -21 -20  45 32 27 26 26  21 27 38 36 36  30 42 56 55 56 
Zahir et al.(2005)[5]  -23 3 1 6 11  39 28 26 30 32  18 37 39 39 38  36 51 55 50 48 
Lee et al.(2006)[6]  13 11 9 18 23  49 31 35 33 37  20 32 33 29 26  33 49 44 46 42 
Sam et al.(2006)[7]  42 27 16 33 31  56 36 37 43 47  17 27 40 35 30  26 42 47 38 38 
Li et al.(2007)[8]  -6 -4 3 3 9  42 34 33 34 36  30 32 36 33 31  39 45 48 40 40 
Benoit et al.(2008)[9]  167 48 70 86 87  167 48 70 86 87  5 20 13 8 6  6 31 19 13 8 
Zhang et al.(2012)[10]  20 8 12 11 14  28 26 25 23 28  37 42 42 45 37  51 54 60 58 51 
Oteo et al.(2013)[11]  6 20 21 27 28  40 28 30 37 39  25 30 33 35 36  36 54 50 45 43 
Zhu et al.(2014)[12]  -28 -13 -6 -1 3  33 25 24 22 23  25 42 42 44 43  43 60 63 65 64 
Lu et al.(2015)[13]  -2 0 6 10 15  37 30 29 30 31  26 32 36 39 36  36 50 51 51 50 
Zhu et al.(2015)[14]  -70 -23 -14 -10 -7  70 25 23 22 23  4 38 45 45 46  7 60 67 63 61 
Chen et al.(2017)[15]  -49 5 15 25 34  50 25 32 34 40  21 31 35 30 29  25 60 46 44 37 
Ji et al.(2018)[16]  4 8 14 18 25  43 36 37 35 38  26 33 32 33 31  35 45 43 43 42 
Impact of Model Strucutre                         
MM (Base Model)  -12 -12 -11 -12 -15  35 21 23 25 26  29 49 40 40 35  37 74 67 65 57 
2-CMT (Base Model)  17 8 11 16 19  40 32 34 33 37  24 29 37 36 33  38 48 46 46 43 
1-CMT (Base Model)  15 5 7 7 10  44 32 33 32 35  23 31 37 38 35  32 46 49 49 48 
MDIPE (%), median individual prediction error; MAIPE (%), median individual absolute prediction error; IF20 (%) and IF30 (%), 
the percentage of individual prediction error within ± 20% and ± 30%, respectively. 1-CMT, one-compartment model; 2-CMT, 
two-compartment model; MM, Michaelis-Menten model; n, numbers of priors; Pn, predictions with no prior observation (n = 0) 
and with 1–4 prior observations (n = 1–4), respectively. 
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Sam et al.(2006)
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Li et al.(2007)
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Benoit et al.(2008)
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
ll
l
l
ll
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
lll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
ll
l l
l ll
ll
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l ll
l
l
l
l
l
l
l
l
l
l
l l
l
l
l l
l
l
l
l
l l
l
l
l
l
l
l
l
l
lll
l
l
l l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
ll
l
l
l
l
l
l
l
0.1
1.0
10.0
100.0
0 10 20 30 40 50
Zhang et al.(2012)
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Oteo et al.(2013)
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Zhu et al.(2014)
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Lu et al.(2015)
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Zhu et al.(2015)
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Chen et al.(2017)
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Eunhee et al.(2018)
Figure S2A
Postoperative time (days)
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Fukudo et al.(2003)
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Staatz et al.(2003)
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Dansirikul et al.(2004)
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Antignac et al.(2005)
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Zahir et al.(2005)
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Lee et al.(2006)
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Sam et al.(2006)
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Li et al.(2007)
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Benoit et al.(2008)
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Zhang et al.(2012)
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Oteo et al.(2013)
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Zhu et al.(2014)
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Lu et al.(2015)
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Zhu et al.(2015)
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Chen et al.(2017)
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Eunhee et al.(2018)
Figure S2B
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Fukudo et al.(2003)
−3 −2 −1 0 1 2 3
−4
−2
0
2
4
l l l
l ll
llll
lllllllll
llllllll
lllll
llllll
llllll
llllllll
lllll
llllllll
lllllll
lllllll
llllllll
lllllll
lllllll
lllllll
llllll
lllll
lllll
lllllll
lll
llllll
lllll
ll
llllll
llllllll
lllll
l
ll
l
l l
l
l
l
Staatz et al.(2003)
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Dansirikul et al.(2004)
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Li et al.(2007)
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Zhu et al.(2014)
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Lu et al.(2015)
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Zhu et al.(2015)
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Chen et al.(2017)
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Eunhee et al.(2018)
Postoperative time (days)
np
de
Figure S3C
0 2 4 6 8 10 12
−2
−1
0
1
2
3
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l l
l
ll
l
l
l
l
l
l
ll
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l l
ll
Fukudo et al.(2003)
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Staatz et al.(2003)
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Dansirikul et al.(2004)
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Antignac et al.(2005)
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Zahir et al.(2005)
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Lee et al.(2006)
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Sam et al.(2006)
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Li et al.(2007)
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Benoit et al.(2008)
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Zhang et al.(2012)
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Oteo et al.(2013)
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Zhu et al.(2014)
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Lu et al.(2015)
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Zhu et al.(2015)
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Chen et al.(2017)
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Eunhee et al.(2018)
Predicted concentration(ng ml−1)
np
de
Figure S3D
